Abstract. Ocean general circulation models frequently use nonuniform grids, especially in the vertical direction. This paper clarifies the implications of using such grids on the consistency and accuracy of numerical schemes. It is emphasized that numerical schemes maintain their order of accuracy on a nonuniform grid provided the grid can be related to a smooth mapping. Additional metric terms appear in the truncation error, which should not be interpreted simply as a numerical diffusion.
Introduction
Modeling the oceanic circulation is made difficult by the broad range of important spatial scales. Both the basin scale (thousands of kilometers) and the scale of narrow straits and boundary currents (tens of kilometers) need to be represented in a numerical model. In the vertical the gradients of density and tracers are often concentrated in thin layers just below the surface mixed layer or in the thermocline. Because of computational limitations, the resolution is never sufficient and ocean modelers have been concerned by the effects of the truncation errors of the numerical schemes they Third-order spatial derivative terms in the truncation error are typically identified with dispersion. This practice arises from the theory of first-order partial differential equations and the corresponding classification of these equations as either parabolic or hyperbolic. Parabolic equations are associated with even-order spatial derivative terms and are characterized by negative real eigenvalues; this implies that second-order moments or the total "energy" are always decreasing, and therefore these equations are "dissipative." A prime example is the diffusion equation, and therefore these equations are commonly labeled "diffusive" since they tend to "smear out" prognostic quantities (positive real eigenvalues are associated with "antidiffusion"). Hyperbolic equations, on the other hand, are associated with odd-order spatial derivative terms and are characterized by imaginary eigenvalues. These equations typically represent waves whose phase speed is wavenumberdependent, and they are therefore "dispersive." This implies that second-order moments or the total energy are conserved and prognostic quantities are merely re- 
Consistency of the Scheme
The order of accuracy of a numerical grid is the alge- 
therefore the scheme appears to be inconsistent. However, this is merely an artifact of choosing the illbehaved mapping in (5).
Numerical Diffusion
YF note that when the grid is irregular, another term appears in the truncation error, which they interpret as a diffusion term. To discuss this issue, we consider the simplified case when w is a constant. The truncation 
Conclusions
In the ocean, sharp gradients of properties exist in the near-surface layers and in the thermocline. Ocean modelers traditionally use irregular grids in the vertical to better resolve these features. This is a good practice. Contrary to YF's claim, this does not modify the order of the numerical scheme, nor does it render an advection scheme diffusive. It is best to define the irregular grid using a smooth stretching function as in the work by Marti et al. [1992] . Only in that case can one be sure that increasing the number of grid points in the vertical will decrease the truncation error. However, this does not necessarily give the smallest truncation error. The truncation error depends on the solution, as well as on the position of the grid points.
Global ocean models must represent regions with very different vertical profiles, and therefore the stretching of the grid is necessarily a compromise. A stretching appropriate for midlatitudes may not work as well in the tropics (e.g., a stronger stretching could decrease the truncation error even further). Conversely, even a moderate stretching may be too strong for the polar regions and could actually increase the truncation error there compared with a regular grid. Owing to the complexity of the ocean circulation, the design of vertical grids for global ocean models is an empirical process that must rely on the modeler's good judgment. This is also the reason why improvements may be achieved with adaptive meshes.
